The purpose of this in vitro study was to compare the shear bond strength (SBS) of five different resin cements to human enamel and dentin under different storage conditions. Five resin cements and their dedicated systems were tested. Teeth were embedded, ground flat to expose enamel or dentin and polished with sandpaper. Adhesive systems were applied according to the manufacturers' instructions. V2A steel cylinders with were silicated, coated, and cemented onto the teeth. Specimens were stored at three different conditions and subsequently thermocycled. SBS was measured. Significant differences were observed between the tested resin cements depending on the tooth surface. Different storage conditions influenced the bond strength, independent of the tooth surface, in all test cements. The bond strength of all experimental materials to enamel is higher than that to dentin surfaces. Furthermore, the adhesiveness decreases after wetness (hydro-) and hydrothermal stress, regardless of the tooth surface.
INTRODUCTION
The spectrum of resin cements used in dentistry has considerably increased due to the expansion of the range of applications. There are several types of current systems: one-, two-and three-step systems 1) . One-or two-step systems were recently introduced to simplify the cementation technique 2, 3) . In the one-or twostep self-etch adhesive systems, the acidic monomer simultaneously etches and primes the tooth. In the two-or three-step etch-and-rinse adhesive systems, the phosphoric acid pretreats the dental hard tissues before rinsing and subsequent application of an adhesive 3) . The self-etch and etch-and-rinse adhesive systems form a hybrid layer for resins that impregnate the porous enamel or dentin 3) . However, the current adhesive systems differ in their interaction with natural tooth structures 3, 4) and various prosthodontic restorative materials 5, 6) . Different factors can both predict and affect the adhesion and the bond strength: the luting cement composition 7, 8) and microstructure of the curing adhesive layer 9) , the properties of the restoration material 1) , tooth surface 10) , the type of restoration 3) and a number of different factors observed throughout the working process, including pre-treatment 1, 11, 12) , treatment 3, [13] [14] [15] [16] , and post-treatment 1, 17) . During the pre-treatment phase of the cementation, it is important to clean the tooth surface because blood contamination of the dentin surface prior to bonding decreases the bond strength 11) ; however, dentin disinfection increases bond strength 12) . Geometrical and specimen preparation variables also influence the bond strength 1) . Several factors may affect adhesion and bond strength during the surface treatment phase of the cementation, such as etching of the restorative materials. The surface roughness is influenced by the type of acid. Etching of the ceramic specimens with 50% orthophosphoric acid results in a smoother surface. This is in contrast to etching with 9.5% hydrofluoric acid, which produces a rougher surface with pores and grooves 14) . Additionally, the etching duration 13, 16) and the type of tooth surface are important. Phosphoric acid creates a more pronounced and retentive etching pattern in the enamel, but self-etch adhesives provide a superior and more predictable bond strength compared with dentin 3) . The type of restoration also plays an important role. The etch-and-rinse bonding systems are often preferred in indirect restorations and when large areas of enamel are still present, but self-etch adhesives are recommended for direct resin restorations. This is particularly true when the restorations are predominantly supported by dentin 3) . The number of cementation steps influences the bond strength. One-step dentin bonding systems exhibit lower bond strengths than multi-step etch-and-rinse and self-etch systems; additionally, the one-step dentin bonding systems are less predictable 3) . Polymerization modes 15) and subjective factors such as personal preference determine the choice of adhesive systems 3) . To obtain the best results for bond strength, it is important to apply the resin cements in accordance with the instructions. Other stress factors during the post-treatment phase of cementation may alter the strength of bonding in vivo; these include wetness, temperature, and mechanical stress. Many in vitro factors may also alter the strength of bonding; these include wetness during storage of specimens in water 17) or artificial saliva 18) . Additionally, factors such as temperature during thermocycling 4) , mechanical stress from four bond tests (shear, tensile, microshear and microtensile) 1) , loading variables 1, 19) may alter the bonding strength. Notably, strengthening mechanisms can alter the strength of a material and are linked to the deformation mechanism 9) . Temperature in the oral cavity is changing constantly. This may have an effect on the durability of the bonding over a longer period of time. Therefore, in the present study the thermal stress which is one of the many other factors influencing the bonding to dental hard tissues and is one cause for material aging has been investigated. Shear bond strength of five resin cements to human dentin and enamel was measured under different specimen storage conditions and artificial wear with hydro-and hydrothermal stress using an interfacial fracture mechanics approach. Five resin cements were selected that cover three step-, twostep and one-step adhesive systems. Statistical analysis of results was performed with respect to the average shear bond strength, coefficient of variation, mode of failure and product ranking. The null hypothesis stated that tooth surface, enamel/dentin and specimen storage conditions as well as short and long term thermal stress have no influence on the bond strength of the different resin cements.
MATERIALS AND METHODS

Teeth collection and storage
The collection of teeth was approved by the ethical committee of Witten/Herdecke University (permission 116/2013). Three hundred extracted, non-carious permanent human molars were collected and stored until use according to ISO TS 11405:2015 in 0.9% NaCl containing 0.1% thymol (maximum 6 months). All specimens were randomly assigned to 3 groups, with 100 teeth for each storage condition. These storage condition groups were subdivided into 5 groups of 20 teeth for each cement. Finally, every cement group was again randomly divided into 2 groups of 10 teeth for enamel or dentin surfaces.
The bond strengths of five resin cements (Table 1 ) were tested for human enamel and dentin after being exposed to three different storage conditions, wetness, and temperature stresses.
Specimen preparation
A standardized specimen preparation method was used to exclude the influence of different factors. All specimen preparations were performed by the same operator. The teeth were manually cleaned with tap water, positioned in plastic rings and embedded in autopolymerizing epoxy resin (Specifix, Stuers, Willich, Germany). To expose the testing surfaces, specimens were ground flat to enamel or superficial dentin and polished afterwards with grit 600 sandpaper (3M ESPE, Seefeld, Germany), according to Walter et al. 20) . After grinding, the teeth were stored in a moist chamber with 100% humidity for up to one h.
Before cementing, the surface was cleaned with tap water spray and blown dry. The test dentin/enamel surface was pretreated according to the manufacturer's instructions and, if necessary, etched with phosphoric acid 37% Scotchbond Universal Etchant (3M ESPE). Dedicated adhesive systems were applied following the manufacturers' instructions ( Table 2) . Stainless V 2 A steel cylinders with 2.3 mm diameter and 1.5-2 mm height were then silicated with Rocatec-Plus (3M ESPE), coated with silane (ESPE Sil, 3M ESPE) and cemented with the resin cement under a pressure of 20 g/mm²; they were bonded perpendicularly to the treated dentin/enamel surfaces. Excess cement was removed from the bonding margin of the dental probes with small brushes. This ensured that the custody surface did not become larger than the cylinder surface. Dual-polymerizing with light activation was used with Elipar S10 (3M ESPE) polymerizing light following the manufacturer's instructions (90 degrees apart, 10 s using Panavia F2.0, RelyX Ultimate Automix, RelyX UltimateClicker; 20 s using Variolink II, Multilink Automix). The distance of the light tip to the test surface was approximately 5 mm.
Artificial aging after hydro-and hydrothermal stress
To simulate different aging conditions prior to shear bond strength (SBS) testing, the specimens were stored under three different conditions 1) at 36°C and 100% relative humidity in distilled water for 24 h to simulate hydrostress; 2) at 36°C and 100% relative humidity in distilled water for 24 h, then subjected to 5,000 thermocycles alternating between 5 and 55°C (30-s dwell time) to simulate short term hydrothermal stress; and 3) at 36°C and 100% relative humidity in distilled water for 150 days, then subjected to 10,000 thermocycles alternating between 5 and 55°C (30-s dwell time) to simulate long term thermal stress [20] [21] [22] .
Mechanical shear stress
After storage, the SBS was measured on 150 prepared resin cement/enamel and 150 resin cement/dentin specimens. Shear testing was performed with a portable Shear Bond Tester Machine -T-63010K (Bisco Company, Chicago, IL, USA) according to a Test by AV-FE PV 1149 at a feed rate of 8.0 mm/min until adhesive interface debonding (failure) occurred. The force stress was measured in MPa. The failure pattern of the surfaces of the specimens after 5,000 and 10,000 thermocycles were studied by means of scanning electron microscopy (SEM) and electron dispersive spectroscopy (EDS) and the morphological pictures were analyzed quantitatively. SEM was carried out with a Zeiss Sigma VP (Zeiss, Oberkochen, Germany) SEM with an acceleration voltage of 20 kV and a SE detector. For EDS analysis the EDAX Apollo XL (EDAX, Mahwah, NJ, USA) system with an active area of 30 mm 2 and Team V3.3 software was used. The signal for silica (Si) served for detecting remnants of resin cement, and the signal for calcium (Ca) for dentin or enamel. For quantitative morphometrical alalysis the SEM microphotographs were imported into AutoCAD vs. 2011 (Autodesk, Munich, Germany) and the total area of the bonded surface was determined as 100%. Then the adhesive and cohesive areas were measured in percent of the total area (Fig. 1) . The different failure patterns were defined according Ilie et al. 23) . Adhesive, when the fracture run through the bonding level, cohesive to tooth mineralized tissue, when the fracture run through dental tissue and cohesive to bonding cement when the fracture run through the resin cement. 
Statistical analysis
RESULTS
Comparison of SBS of resin cements with respect to enamel or dentin tooth surfaces and specimen storage conditions
Comparison of SBS of resin cements showed no statistically significant difference between resin cements with respect to enamel and three specimen storage conditions; additionally, there was no statistically significant difference with respect to dentin after storage condition 1 (hydrostress). Statistical analysis showed that the bond strengths to the dentin were significantly affected after storage conditions 2 and 3 (hydrothermal stress) (Fig. 2) 
Comparison of the fracture pattern
The predominant failure pattern to enamel and dentin in all luting materials and after thermocycling was a mixed failure between adhesive and cohesive to cement. Examples of typical failure patterns are summarized in Fig. 3 . After 5,000 thermocycles quantitative measurement of the different areas revealed, that the predominant areas in enamel were adhesive failures between 81.5% for Rely X Automix Clicker which were the highest and Multilink Automix with 77.4% as the lowest (Fig. 4a) . After 10,000 thermocycles quantitative measurement of the different areas revealed, that the predominant areas in enamel were adhesive failures between 90.8% for RelyX Ultimate Clicker which was the highest and Panavia F 2.0 with 68.0% as the lowest (Fig. 5a ). After 5,000 thermocycles in dentin the highest adhesive failure pattern was found in Variolink II with 86.1% whereas the lowest appeared in Rely X Ultimate Clicker with 44. 6% Fig. 4b ). After 10,000 thermocycles in dentin the highest adhesive failure pattern was found in Variolink II with 98.3% whereas the lowest appeared in RelyX Ultimate Clicker with 64.5% (Fig. 5b) . The statistical comparison of the fracture patterns in enamel after 5,000 themocycles and 10,000 themocycles with the Mann-Whitney-U-test revealed no significant differences for the resin cements Variolink II Multilink Automix and Rely X Ultimate Automix. For Panavia F 2.0. A significant difference (p=0.035) was found in the adhesive pattern and for Rely X Ultimate Clicker the difference was significant in the adhesive (p=0.003) and cohesive to cement (p=0.015) patterns. In dentin the difference was significant for Panavia F 2.0 in the adhesive (p=0.009) and cohesive to cement (p=0.009) pattern and for Multilink Automix in the adhesive pattern (p=0.035). The statistical results of the pattern comparison are summarized in Table 3 . 
DISCUSSION
There has been a trend towards fewer and simpler clinical application steps of resin cementation for reliable fixation in dentistry 2, 3) . The resin cements are now required to be biocompatible to the enamel and dentin, adhesive to the various prosthodontic restorative materials, sufficiently functional to sustain the hydro-, hydrothermal, mechanical stresses and resistant to failure. Self-etch adhesives help achieve the high early resin-dentin bond strength values, but their resistance to thermal and mechanical stresses over time is diminishing 4) . It is important to have an understanding of the interplay and mutual effects of the different stresses on the mechanical properties of bonding materials 9) . Knowledge regarding the stress distribution at the bonded interface, the effects of materials, and loading method used are essential to explain the results 24) . The present comparative in vitro study involving five adhesive systems revealed mechanical properties (shear bond strength and fracture mode of the adhesion between enamel or dentin and the stainless steel disk) after the simulated hydro-and hydrothermal wear, and material ranking was performed.
The present study revealed the highest adhesion between enamel or dentine and the stainless steel disk following artificial wearing with hydro-and hydrothermal stress after luting with RelyX Ultimate Clicker (p<0.05). A direct comparison of our results with other studies was not possible because the literature differs regarding the resin cement types, cementation mode, artificial wear after hydro-and hydrothermal stress and bond strength testing. We thus only indirectly compared our results with other studies. Ozcan and Mese (2012) reported that simplified cements, such as Multilink Automix, showed inferior SBS to superficial and deep dentin compared with the conventional "etchand-rinse" adhesive systems, such as Variolink II and Panavia F2.0 10) . In this study, the adhesion systems were incrementally adhered onto the dentin surfaces using polyethylene molds (inner diameter 3.5 mm, height 5 mm), and only 500 thermocycles were performed. Zhang and Degrange (2010) showed that Variolink II and Multilink Automix had the highest bond strengths when they were used with dentine bonding systems and primers, regardless of whether the dentin was fixed to the different restorative substrate (excluding steel) 6) . Only one study was available regarding tensile bond strength testing; it used stainless steel posts adhered with one self-adhesive system 25) . A fracture criterion characterized by adhesive material properties was the fracture morphology 1, 8, 24) . However, we can not compare our results with similar works; we can only compare our results with the existing data regarding the modes of failure. Scherrer et al. (2010) reported that the modes of failure for six adhesives after four tests (shear, microshear, tensile and microtensile) included a high number of cohesive failures 1) . The study by Braga et al. (2010) pooled data from the currently available adhesives tested by either shear forces or tension. There were 44% adhesive failures, 25% cohesive failures, and 31% mixed in the substrate (tooth or resin cement); in contrast, "macro" tests had a higher incidence of cohesive failures 24) . These results were different from previous results because Braga, 2010 et al. presented pooled data from all four tests (shear, microshear, tensile and microtensile). An interesting finding was that after 10,000 thermocyles the fracture pattern in Rely X Ultimate Clicker differed significantly in enamel from the pattern after 5,000 thermocycles. As there was a shift towards the cohesive to cement pattern it might be an indication that bonding to enamel got stronger. This is supported by the SBS measurement were the highest SBS after storage condition 3 was found in Rely X Ultimate Clicker.
CONCLUSIONS
The null hypothesis was rejected.
1. A general comparison of the SBS of resin cements, irrespective of tooth surfaces and specimen storage conditions, showed a statistically significant difference. The highest median value was found for RelyX Ultimate Clicker; the lowest median value was found for Multilink Automix (p<0.05). 2. The different tooth surfaces: enamel or dentin affects the SBS of the tested resin cements by luting with the steel (p<0.05). Generally, bond strength to enamel is higher in all resin cements. RelyX Ultimate Clicker had the highest median SBS to enamel and dentin. The lowest median bond strength to enamel was found for Multilink Automix; the lowest median bond strength to dentin was found for Variolink II. 3. The specimen storage conditions have no influence on the bond strength to enamel, but hydrothermal stress may alter the bond strength to dentin. RelyX Ultimate Clicker (after 5,000 and 10,000 thermocycles) had the highest median bond strength; Variolink II had the lowest (p<0.05). The reason may be that dentine has a tubular structure, micro-architected surface and intrinsic wetness 26) .
